In this paper we present a model for estimation of the C-terminal tubulin tail (CTT) dynamics in cytoskeletal microtubules of nerve cells. We show that the screened Coulomb interaction between a target CTT and the negatively charged microtubule surface as well as its immediate CTT neighbours results in confinement of the CTT motion within a restricted volume referred to as a thermal cone. Within the thermal cone the CTT motion is driven by the thermal fluctuations, while outside the thermal cone the CTT interaction energy with its environment is above the thermal energy solely due to repulsion from the negatively charged microtubule surface. Computations were performed for different CTT geometries and we have found that the CTT conformation with lowest energy is perpendicular to the microtubule surface. Since the coupling between a target CTT with its neighbour CTTs is 8 orders of magnitude below the thermal energy and considering the extremely short cytosolic Debye length of 0.79 nm, our results rule out generation and propagation of CTT conformational waves along the protofilament as a result of local CTT perturbations. The results as presented support a model in which the cytosolic electric fields and ionic currents generated by the neuronal excitations are "projected" onto the CTTs of underlying microtubules thus affecting their regulatory function upon kinesin motion and MAP attachment/detachment.
Introduction
Current wisdom in neuroscience holds that the electric excitations of nerve cells affect directly the function only of a certain class of membrane proteins known as voltage gated ion channels. The huge electric field between the inner and outer phospholipid layers of the plasma membrane was shown to regulate the opening and closure of those channels (Hille, 2001 ). Only recently emerged novel possibilities such as direct regulation of the function of some cytoskeletal proteins by the neuronal cytosolic currents and electromagnetic field by affecting the conformational status of portions of the tubulin molecule that have a form of enzymatic activity (Georgiev and Glazebrook, 2006) .
The neuronal cytoskeleton is the major internal structure that defines the external shape and polarity of the nerve cell and organizes its cytoplasm to perform motile and metabolic activities essential to life. The constituents of the cytoskeleton consist of microtubules, intermediary filaments, actin, microtubuleassociated proteins (MAPs), motor proteins, cross-linking proteins (e.g. the plakin superfamily), various cytoskeletal scaffold proteins and cytoskeletal-bound enzymes (Vale et al., 1992 ). Microtubules form the major component of the cytoskeleton and are composed from tubulin, a heterodimer of two subunits, types α and β (Nogales, 2000) . Microtubules organize the cellular shape which is vital for neurons in stabilizing their cable-like projections called neurites (dendrites or axons). They also provide anchors for compartmentalization of various enzymes including some of those involved in glycolysis (Lloyd and Hardin, 1999) , different phosphatases or kinases, etc. (Sontag et al., 1999) , and serve as tracks and regulators of the function of motor proteins (such as kinesin, dynein, etc.) which drive cargo vesicles that transport various proteins and structural components of the plasma membrane or the extracellular matrix of neurons (Hirokawa, 1998) .
Part of the vital functions performed by microtubules can be attributed to the tiny C-terminal tubulin tails (CTTs) projecting from each tubulin monomer. Experiments have shown that CTTs are effective catalysts controlling the kinesin walk (Skiniotis et al., 2004) . Subtilisin treated microtubules that lack CTTs bind stably and can be decorated by ADP-kinesin molecules, while normal microtubules do not bind ADP-kinesin (ADP abbreviates adenosine diphosphate). This suggests that CTTs catalyze the ADP-kinesin detachment from the microtubule surface accounting for the kinesin motion along the protofilament. Similarly CTTs could catalyze detachment of phosphorylated MAP molecules from the microtubule surface. Based on recently proposed classification of enzymes (Purich, 2001 ) one might consider CTTs as energases -enzymes that make or break noncovalent bonds in the interaction partner (often being protein complex composed of several subunits), therefore triggering conformational transition that affects directly the function of the partner. Noncovalent are the hydrogen bonds and the weak van der Waals forces, therefore in the action of energases of great importance should be the quantum tunneling effects between different conformations.
CTTs and microtubule-associated protein 2 (MAP-2) belong to a group of proteins that are considered to be "natively disordered" however their biological function may depend on the potential for flipping from disordered into an ordered coil state (Uversky, 2002) . In this situation the biology waits for physical modeling and the creation of theoretical toy models is of great importance since the direct in vitro nuclear magnetic resonance (NMR) exploration of the protein usually reveals no order that indeed could be manifested in vivo. Considering the need for biophysical modeling we have undertaken a theoretical study of the possible collective behavior of the CTTs in the cytoskeletal microtubules and we searched for possible generation and sustained propagation conformational waves along the outer microtubule surface. In previous publications we have reported a novel model in which the intraneuronal electric activity was described in terms of traveling electromagnetic waves (solitons) that were "projected" onto the CTT conformational status Georgiev and Glazebrook, 2006) . It was shown that the bioelectric processes (dendritic and axonal membrane potentials and cytosolic currents) might affect the CTTs of the underlying cytoskeletal microtubules in such a fashion that results in traveling conformational wave along the CTTs. In this paper we try to answer the question whether it is possible for a local electrostatic factor (e.g. the interaction between a CTT and a charged macromolecule such as MAP-2, kinesin, dynein, etc., or CTT binding to a positively charged microtubule surface spot) to induce propagation of a conformational wave along the microtubule CTTs. If such local perturbations were able to propagate along the CTT protofilament in a certain sense this would corrupt the information inputted to the CTTs by the neuronal electric excitations. The results presented in the following discussion rule out such a possibility and underline the importance of the electric processes in neurons as the only possible mechanism for generation of collective CTT motion.
Theory

Debye-Hückel electrostatic screening in cytosol
In order to address the problem, we should take into consideration the actual in vivo conditions of the neuronal interior (cytosol). The cytosol has the properties of an electrolyte solution therefore the electrostatic interaction between charged macromolecules will be screened by the formation of dynamic counter-ion shells. The first theoretical treatment of screening due to Debye and Hückel (1923) dealt with a stationary point charge embedded in a fluid. We recall some of the basic principles of the theory. In a fluid composed of electrically charged constituent particles, each two particles interact through the Coulomb force. However, this interaction is suppressed by the flow of the fluid particles in response to electric fields. This flow reduces the effective interaction between the charged particles to a short-range screened Coulomb interaction. Suppose we have an electrolyte solution at body temperature. At a point x, let ρ(x) denote the charge density of ions, and ϕ(x) denote the electric potential.
The charge density of ions is given by:
where q e = 1.6 × 10 −19 C is the elementary charge of proton, z i is the valency of the ion type i and c i (x) is the number of ions of type i per unit volume.
At first, the ions are evenly distributed so that there is zero net charge at every point. Therefore ϕ(x) is initially a constant as well. Then we introduce a point charge Q in the electrolyte. The associated charge density is Qδ(x), where δ(x) is the Dirac delta function. After the system has returned to equilibrium, let the change in the ion density and electric potential be ∆ρ(x) and ∆ϕ(x) respectively. The charge density and electric potential are related by the Poisson equation:
where ǫ 0 = 8.8542 × 10 −12 F m −1 is the dielectric constant of vacuum, and ǫ r = 74.31 is the relative dielectric constant of water at body temperature.
To proceed, we must find a second independent equation relating ∆ρ(x) and ∆ϕ(x). In the Debye-Hückel approximation, we maintain the system in thermodynamic equilibrium, at a temperature T high enough that the fluid particles obey Maxwell-Boltzmann statistics. The number of ions per unit volume c i (x) depends on the Brownian motion of the ions and is described by the Boltzmann distribution:
where k B = 1.3807 × 10 −23 JK −1 is the Boltzmann constant, T = 310K is body temperature, c ∞ i is the number of ions i per unit volume at an infinite distance or at any reference position where the potential of mean force w i = z i q e ϕ(x) is set to zero (Fogolari et al., 1999) . For ρ(x) then we have:
The condition wi kB T ≪ 1 permits us to truncate after the first term of the power series expansion:
The first term q e i z i c ∞ i is zero because of the electrical neutrality of the electrolyte solution 1 , so we can simplify to:
Taking into account the Poisson equation relating ρ(x) and ϕ(x) in the form
ǫ0ǫr , we obtain
is the Debye length of the electrolyte solution. Now for the change in the ion density ∆ρ(x) and the change of the electric potential ∆ϕ(x) after the introduction of the point charge Q, we have the relation:
Substitution back in eq. (2) gives us:
The solution is:
Thus within the framework of the linear Poisson-Boltzmann theory the interaction energy U (x) between two screened point charges q 1 and q 2 is given by:
Debye length of neuronal cytosol
In order to make a feasible estimation for the value of the Debye length of the neuronal cytosol we use the fact that the cytosol osmolarity is 290 mOsm/l. ions is 0.5 mM (Brocard et al., 1993) , while the free Ca 2+ concentration is just 0.2 µM (Zeng and Liu, 1993). Neurons use a Na + -dependent inorganic phosphate cotransporter to import phosphate ions inside the cell, therefore the free cytosolic HPO 2− 4 ion concentration is greater than the plasma concentration of phosphate ions and its value is above 1 mM. Since the concentration of other divalent ions in cytosol is negligible, we estimate that only 0.5% of the diffusible intracellular ions are divalent. After numerical substitution in eq. (7) we obtain that the Debye length for neuronal cytosol is κ 
Method
Modeling the screened tail-tail coupling
The precise geometry of the microtubules in vivo was established with sufficient accuracy up to several angstroms. The tubulin monomer length inside the microtubule wall is l T = 4.05 nm (Hyman et al., 1995) and the longitudinal displacement between two tubulin monomers in adjacent protofilaments is ξ P F = 0.92 nm (Erickson and Stöffler 1996) . The space between the centers of two neighbouring tubulin monomers located in neighbouring protofilaments can be calculated if we know the value of the microtubule diameter d M T that is 24 nm for 13 protofilament microtubules (Diaz et al., 1998; de Pablo et al., 2003) .
The CTTs are considered to be disordered polypeptides extending out of the microtubule outer surface (Bhattacharyya et al., 1985; Sackett and Wolff, 1986) . Their length may vary depending on the environmental conditions between 3-6 nm as estimated according to the presented data on the polypeptide length by Pauling et al. (1951) and considering the effect of nearby counter ions on the length of polyelectrolyte brushes (Chitanvis, 2003 ; O'Shaughnessy and Yang, 2005). Because of the acidic character of the CTTs at physiological pH=7 they are negatively charged. Since the tubulin outer surface is also negatively charged (Baker et al., 2001 ) the CTTs are repelled and thus project out in a direction perpendicular to the microtubule surface. A computer generated geometrical model of an assembled 13-protofilament 3 start-helical "haired" microtubule was developed by Georgiev et al. (2004) and presented here as Figure 1 .
Each CTT is surrounded by 8 CTT neighbours and experiences the screened electrostatic field generated by those neighbours. In the computation we model each CTT as composed from a non-charged stiff lever backbone and 10 equidistantly spaced negative elementary electric charges q e contributed by negatively charged COO − groups. Each charged COO − group is not located on the main CTT stalk, instead it resides on the top of an aminoacid side chain. In vivo the CTT COO − groups are contributed either by glutamate (E) or aspartate (D) residue. In order to simplify the computation we have modeled all COO − groups as being contributed by glutamates, therefore located on non charged aminoacid side chain arm with length of 0.45 nm. This approach is satisfactory since there are only occasionally aspartates in the different CTT isotypes (see Table 1 ). Preliminary computations that took into account the minor α or β tubulin isotype differences did not reveal a noticeable change in the interaction energies. Furthermore, we will describe a geometric model used for both isotypes of tubulin tails.
Solution studies showed that the helical propensity of β-CTT could be extended for at least 9 more residues (Jimenez et al., 1999) compared to the structure reported in the crystallographic model (Nogales et al., 1998) . Thus in the base of the β-CTT there is a nine aminoacid sequence 423-431 (QQYQDATAD) that might undergo coil-to-helix transition, and thus increase or decrease the CTT length. Due to electrostatic repulsion between the β-tubulin body and the glutamate residues located in the β-CTT base the hydrogen bonds stabi- lizing the last 3.6 aminoacid turn of the putative nine aminoacid α-helix are expected to break down. Thus the aminoacids 428-431 of the β-CTT should be permanently in extended coil state contributing a flexible noncharged base of approximately 1 nm length for the β-CTT. This helix-to-coil flip is sufficient to minimize the interaction energy between the β-tubulin body and the β-CTT making it comparable to or less than k B T . Inspection of the base of the α-CTT also shows that the predominant aminoacid residues are not charged ones. Therefore we can use a simplified model for both CTTs in which we consider non-charged CTT base with length of 1 nm with the subsequent 10 glutamate side chains protruding from the main stalk at 0.4 nm spacing ( Figure 2 ). In order to facilitate the analytic treatment of the model the CTT main stalk is considered as a stiff rod with fixed length of 5 nm. For the subsequent discussion we need a Cartesian coordinate system attached to the microtubule. So we choose a target CTT with base centered at the origin O(0, 0, 0). The direction pointing towards the microtubule minus end (capped by α-tubulin subunits) will be denoted as +x direction. The direction perpendicular to and pointing away from the microtubule surface at the point O(0, 0, 0) will be denoted as +z direction. The +y direction is defined in such a fashion that the x, y, and z axes form right-handed coordinate system.
The COO − glutamate groups of each CTT are located on the top of aminoacid side chains. We have considered different types of COO − ordering each possessing a minimized COO − repulsion within the tail. This is possible when the COO − groups have a spiral ordering and the distance between the COO − groups is greater than the Bjerrum length λ B given by: and defined as the distance at which the Coulomb interaction between two non-screened charges equals the thermal energy k B T = 4.28 × 10 −21 J. We have considered a spiral ordering of the COO − groups with the lowest COO − group rotated at angle β 1 from the x-axis when the CTT is perpendicular to the microtubule surface and where each aminoacid side chain arm is rotated by an angle ω relative to its immediate COO − neighbours. All of the computations were performed for 3 different geometries of the CTTs with corresponding angle ω of the glutamate side chains being The screened Coulomb interaction between a target CTT and its neighbouring CTTs is computed as a sum of the interaction energies between each of the COO − groups of the target CTT and each COO − group located on a CTT neighbour. The CTT motion is described by 3 independent parameters: θ is the tilting angle between the z-axis and the CTT main stalk, φ is the angle between the x-axis and the orthogonal projection of the CTT main stalk in the xy-plane, and β 1 is angle describing the axial CTT spinning defined as the angle between the lowest COO − glutamate side arm and the x-axis when the CTT is perpendicular to the xy-plane. It is clear that the interaction energy function of the CTT should be plotted in 4-dimensional space. In order to visualize the CTT interaction energy and the region in which the CTT could be freely driven by the thermal fluctuations, we fix the parameter β 1 and plot the energy surface as a function of the CTT tilting only. With this procedure one can thus visualize an infinite number of 3-dimensional thermal cone plots for different initial angles β 1 belonging to the interval from 0 to 2π.
Since one may have concern about possible noncommutativity of the order of CTT rotations/motions we would like to point out that we describe a model in which the CTT axial spinning is performed in perpendicular position and once the angle β 1 is fixed, the CTT tilts without axial CTT spinning. If we denote the plane defined by the CTT main stalk in perpendicular position to the microtubule surface and the CTT stalk in tilted position as σ-plane, for further clarification we would like to point out that the CTT tilting in the σ-plane without axial rotation around the CTT stalk implies that the angle between the glutamate arm of arbitrary COO − group and the σ-plane remains invariant during the tilting (i.e. the distance from each COO − to the σ-plane is invariant). Thus one can recover the position of all COO − groups knowing the initial position of the lowest COO − group, the geometry of the spiral ordering described by the angle ω, and the current tilting angles and of the CTT (see Figure 3 ).
In this model with fixed parameter β 1 the coordinates of an arbitrary group COO − i on the target CTT are given by:
Figure 3: Geometry of the described in the text CTT tilting parameterized by the angles θ, φ and β 1 . CTT base x-coordinate y-coordinate z-coordinate θ-angle φ-angle
where L i is the distance between the CTT base and the attachment place of the glutamate side chain of the i th COO − group, R = 0.45 nm is the length of the glutamate side chain, and β i = β 1 + (i − 1)ω is the angle between the i th COO − glutamate side arm and the x-axis when the CTT is perpendicular to the xy-plane.
We number the target CTT neighbours in clockwise fashion starting from the CTT neighbour possessing +x coordinate of its base that is located in the same protofilament with the target CTT. The coordinates of the interacting neighbouring COO − groups are then easily derived if one considers the longitudinal displacement between neighbouring protofilaments ξ P F and the fact that the CTTs in neighbouring protofilaments are perpendicular to the microtubule surface hence tilted by 13 − 1 . The computation of the interaction energy plots for different target CTT geometries were performed both for (i) symmetric case with all CTT neighbours being perpendicular to the microtubule surface and modeled with the same initial parameter ω and (ii) asymmetric case in which the CTT neighbours were allowed to have arbitrary chosen (random) set of parameters.
Modeling the screened CTT-microtubule surface interaction
In order to account for the interaction between the CTT and the microtubule negatively charged outer surface (Baker et al., 2001) we have modeled the microtubule outer surface as a uniformly charged cylindrical surface with charge density σ being 0.5 electron charges per 1 nm 2 . Within the framework of the linear Poisson-Boltzmann theory the screened electric potential ϕ(r) at a distance r from the surface of a negatively charged cylinder with surface charge density σ < 0 is given by:
where d is the diameter of the charged cylinder, b is the Gouy-Chapman length given by:
and For the interaction energy U (r) between the microtubule surface and an elementary electric charge q e located at distance r above the microtubule surface we obtain:
With the use of eqs. (11, (13) (14) (15) 18) we have created a computer program for Wolfram's Mathematica 5.0 that computes the interaction energy plots as a function of the geometry and initial position of the target CTT and the geometry and initial position of the neighbouring CTTs. The interaction energy of each CTT was plotted as a function of the CTT top projection on the xy-plane in a spatial region of 3.5 × 3.5 nm. The choice to work within the framework of the linear Poisson-Boltzmann theory except that it is easier for analytic treatment is based also on the fact that the percent of divalent ions in the cytosol is very low and more importantly the linear Poisson-Boltzmann theory leads to closely matching predictions with those done by the nonlinear theory for distances h between the interacting charged objects satisfying κ D h > 1, which is clearly the case for microtubules and CTTs (for details on the differences between nonlinear Poisson-Boltzmann theory vs. linear one we refer the reader to the excellent paper by Stankovich and Carnie, 1996) .
Results
The role of COO − group geometry in CTT dynamics
In order to estimate the CTT dynamics we have considered a target CTT surrounded by 8 neighbouring CTTs, all of them possessing the same CTT geometry (parameter ω), and all of them being perpendicular to the microtubule surface facing up with their lowest COO − group in the same direction (parameter β 1 ). We have computed the interaction energy plots for all the three CTT geometries in which the target CTT and its neighbours were allowed to face up to differing initial directions. Fixing the parameter β 1 of the target CTT allows the interaction energy surface to be computed as a function only of the tilting angles θ The comparison between the three different CTT geometries (as well as the different initial orientations of the target CTT) showed no difference in the resulting interaction energy plots as can be explained by the extremely low coupling between the neighbouring CTTs being 8 orders of magnitude below k B T . In assymetric trials with randomly chosen parameters for the CTT neighbours under which the CTTs neighbours remain in their thermal cones also revealed no significant change in the interaction energies. The resulting plots of the interaction energy and the thermal cone are identical for all the three CTT geometries in all trials and are presented all together as Figure 4 in order to avoid repetition of identical images.
Further computations of the tail-tail coupling only ( Figure 5 ), and the target CTT-microtubule surface coupling only (Figure 6 ), show that the thermal cone results solely from the electrostatic repulsion from the negatively charged microtubule surface. Even outside the thermal cone the target CTT has a vanishing effect on the lateral CTT neighbours, and has suprathermal effect upon the immediate CTT neighbours in the same protofilament only when the two CTT (Figure 5a ), while if one of these neighbours is pushed to the edge of its own thermal cone towards the target CTT the interaction energy is slightly increased up to 8 orders of magnitude below k B T (Figure 5b) . The plots only of the tail-tail coupling show small dependence on the initial CTT orientation, yet the interaction energies are 8 orders of magnitude lower than the interaction with the microtubule surface, hence the total interaction energy surface is not visibly changed. Therefore we conclude that under normal conditions when the CTT neighbours are perpendicular to the microtubule surface (or remain within the volume of their thermal cones) the tail-tail coupling should have no biological significance. A suprathermal tail-tail interaction is possible when an external factor (such as attachment of charged macromolecule) forces two CTTs from the same protofilament to tilt towards each other in direct physical interaction at distance comparable to λ B . Yet in this case the CTT behaviour will be constrained by the presence of the charged macromolecule itself.
Mg
2+ effects on α-CTT dynamics not reproduced by addition of Na + or Ca 2+ ions. Mimicking the Mg 2+ effects can be achieved by the addition of Mn 2+ ions suggesting that Mn 2+ ions could also bind, albeit with lesser affinity, to the putative Mg 2+ binding site on the tubulin surface.
Our results suggest a possible localization of this putative Mg 2+ binding site. We have shown that the CTT repulsion from the negatively charged microtubule surface predominates and is the sole factor determining the existence of the thermal cone. Since the α-CTT can reach the α-Lys394 area only when in fully stretched conformation (Pal et al., 2001) this implies that the α-CTT must bend over a large area above the tubulin surface and that it is the CTT top that binds the positive microtubule surface spot. However, on its way towards the α-Lys394 area the α-CTT will be repelled back due to the electrostatic repulsion from the negatively charged microtubule surface lying between the α-CTT base and the α-Lys394 area, so the α-CTT will not be capable of binding to the microtubule surface. If however the high affinity Mg 2+ binding site on tubulin is located between the α-Lys394 area and the α-CTT base, the Mg 2+ ion will form a positive bridge that will favour the α-CTT-tubulin body interaction. Another possibility that we cannot rule out is the Mg 2+ (or Mn 2+ ) ion direct bonding with the lowest two COO − groups of the CTT. This will result in a significant increase of the thermal cone (Figure 7 ), yet if such an interaction is possible it needs to be experimentally verified.
Discussion
In this paper we have developed a model for estimation of the CTTs dynamics and their thermal cones. Since we have conservatively estimated the possible tail-tail coupling and have found it to be 8 orders of magnitude below the thermal energy our results rule out the possibility for generation and propagation of CTT conformational wave as a result of a local CTT perturbation. Even outside the thermal cone the CTT has a subthermal effect on its neigh- bours. Since any local electrostatic CTT perturbation (e.g. CTT interaction with motor protein molecule, or CTT binding to a positive microtubule surface spot) will be screened at a distance of several Debye lengths, we conclude that local electrostatic perturbations cannot propagate along the protofilament of extended CTTs. Also we consider it unlikely that such a local perturbation can be transmitted as ionic waves in the vicinity of MAP molecule to neighboring microtubule 50 nm away since the screening effect will reduce the original electrostatic perturbation over 20 orders of magnitude at that distance.
The computational data we have presented enhance our original model in which the electric currents born by the dendritic or axonal membrane depolarization or hyperpolarization affect simultaneously all CTTs of a given microtubule resulting in a collective CTT motion (Georgiev and Glazebrook, 2006) . This is easily explainable since the neuronal electric currents have sufficiently high suprathermal energy not only to order the CTTs within their thermal cones, but also for pushing them out of the thermal cone to interplay with the electrostatic repulsion by the negatively charged microtubule surface. Since the CTTs are modified also by second messenger cascades triggered by G-protein coupled receptors, and CTTs are direct acceptors of paracrinely-secreted molecules such as nitric oxide (NO), we consider the microtubules as integrating all relevant anisotropic signals with the effect resulting from the local electromagnetic field and electric currents acting upon the CTTs ).
An interesting issue that needs to be addressed is the fact that in vivo CTTs of neuronal microtubules undergo post-translational modifications (PTMs) some of which lead to branching of the tail and/or lead to additional charging of the tail (Gundersen et al., 1984; Rosenbaum, 2000; Westermann and Weber, 2003) . PTMs are responsible for crosstalk between microtubules and intermediate filaments, control of MAP binding, kinesin walk and neuronal differentiation, and as revealed recently by knock out genetic experiments PTMs are vital for proper structural organization of brain (Erck et al., 2005) . What might be relevant for the presented here model is to consider the consequences of the polyglutamylation in which a polyglutamate side chain of variable length (up to 20 glutamate residues) is attached, through an isopeptide bond, to the γ-carboxylate group of a glutamate in CTT. One might argue that the extending perpendicularly to the CTT stalk polyglutamate chain might couple two neighbouring CTT along the protofilament. Careful consideration of the reported here model however reveals that this is not the case. In order for the CTT to preserve its mobility the added polyglutamate chain should be relatively short, otherwise the CTT motion will be significantly damped by the cytosol. However even in this case it will be energetically unfavourable for the added polyglutamate chain to be alligned parallely to the microtubule protofilament (x-axis), instead it will be alligned parallely to the y-axis. This is expected due to the cylindrical geometry of the charged microtubule surface and because the distances between the CTTs in neighbouring protofilaments are significantly greater than distances along the protofilament. At best, one might speculate there is a coupling along the 3-start helix under certain special distribution pattern of PTMs, yet at present no study has been undertaken to reveal the in vivo nanoscale PTM pattern on the microtubule. Whether PTM coupling between CTTs in adjacent protofilaments is possible in vivo and/or what is the biological significance of PTMs via effect on CTT motion remains outside the scope of the current work. An experimentally proved biological function for polyglutamylation is control of kinesin walk and interfering with τ protein attachment, but not that of MAP1B (Larcher et al., 1996; Bonnet et al., 2001 ).
The essential importance of the current work is that it rules out the significant tail-tail coupling and generation and propagation of CTT conformational waves along the protofilaments as a result of local CTT perturbations. In contrast, it is feasible that the electric currents flowing in the neuronal cytosol during membrane hyper or depolarization have sufficiently high energy to generate collective CTT motion along the protofilament. In this sense the electric currents are "projected" onto the underlying microtubule CTTs and the resultant collective CTT dynamics is determined by the interplay of the electric force exerted on the CTTs by the flowing cytosolic currents and the repulsion of the CTTs from the negatively charged microtubule surface. Therefore we conclude that the current investigation is supportive for a group of models in which the neuronal bioelectric processes interplay with the CTT conformations. This would not be feasible if the local CTT couplings possessed suprathermal energy. Details of our proposed interaction between CTTs and the cytosolic electric field are reviewed in previous publications and novel mathematical models allowing for soliton, or soliton-like solutions of the collective CTT dynamics during neuronal excitations, are currently under investigation.
Appendix: Geometry of COO − groups under CTT tilting
Here we present the derivations of eqs. (13) (14) (15) that seem cumbersome at first glance. Since we have fixed the angle β 1 (actually all β i ) the condition of no axial spinning of the CTT around the main stalk during the tilting, implies that the CTT main stalk from the initial perpendicular position, to the final tilted position moves within the σ-plane in such a fashion that each COO − i group remains at the same distance from the σ-plane (see Figure 8) , which is equivalent to say that ∠epq = ∠f hk. The reader should keep in mind that the imposed condition of no axial spinning during the CTT tilting is not per se a restriction on the real CTT dynamics. It is purely mathematical procedure for convertion of the 4-dimensional CTT thermal cone into infinite number of 3-dimensional CTT thermal cones that can be printed out and serve for illustration of the discussion. In vivo the CTT might undergo axial spinning (β 1 is a variable) and if one needs to compute the interaction energy between the CTT and its environment he/she must know not only θ and φ, but also β 1 .
Further we project the location of the COO − i group onto the xy-and σ-planes via orthogonal projection. On Figure 8 we have depicted the projections of the COO − 1 group but the geometry and the equations written in general form with index are valid for arbitrary COO − i group. We have the following parallelograms: eqba, oaep, opqb, f kcd, abcd, absu, uscd and orhs. One also finds ∠kmd = θ because − → om⊥ − → oz and − → oh⊥ − → hm. The following list of trigonometric equations holds: pe = hf = oa = R; oh = op = L i ; eq = f k = ab = cd = us = R sin (φ − β i ); pq = ob = hk = R cos (φ − β i ); sd = hk cos θ; or = L i cos θ; rh = os = L i sin θ; od = sd + os; ac = bd = od − ob.
For the x-coordinate of the COO − i we have the projection of oa = R onto the x-axis (here is where the cos β i appears) plus the projection of ac onto the x-axis (here is where the cos φ appears), and we get eq.13. Similarly one projects onto the y-axis with the sine of the corresponding angles getting eq.14. What remains is to estimate the z-coordinate. For z we have or minus the projection of hk onto the z-axis (here is where sin θ appears) and we get eq.15. 
